Introduction
============

Acute lung injury (ALI) or acute respiratory distress syndrome (ARDS) refer to a life-threatening clinical syndrome that is characterized by severe hypoxemia and acute respiratory failure, caused by alveolar epithelial injury and accumulation of protein-rich fluid in the alveolar spaces, with in-hospital mortality of 40% ([@b1-mmr-19-03-1665],[@b2-mmr-19-03-1665]). Improving the outcome of ALI/ARDS requires the clearance of excessive edema in the alveolar spaces and repair of the alveolar epithelium ([@b3-mmr-19-03-1665]).

The epithelial sodium channel (ENaC), which mainly determines the alveolar fluid volume *in vivo*, provides the driving force for the removal of edema from the alveolar spaces, ([@b4-mmr-19-03-1665]--[@b6-mmr-19-03-1665]). ENaC is expressed in the apical membrane of alveolar epithelial type II cells and has been shown to participate in amiloride-sensitive sodium influx. ENaC comprises three homologous subunits, namely α-, β- and γ-ENaC, which share a structure consisting of two hydrophobic membrane-spanning regions, intracellular amino and carboxy termini, two transmembrane spanning domains and a large extracellular loop with highly conserved cysteine residues ([@b7-mmr-19-03-1665]). Previous studies have reported that alveolar edema could not be cleared in mice lacking the α-, β- or γ-ENaC genes, which proves the important role of ENaC in alveolar fluid clearance (AFC) ([@b8-mmr-19-03-1665]--[@b10-mmr-19-03-1665]).

Phosphatidylinositol 3-kinase (PI3K), which contains a catalytic and a regulatory domain, participates in cell survival, migration, metabolism, cytoskeletal rearrangement and vesicular trafficking ([@b11-mmr-19-03-1665]). The PI3K signaling pathway was demonstrated to be integral for the regulation of ENaC by insulin stimulation in kidney cells ([@b12-mmr-19-03-1665]--[@b14-mmr-19-03-1665]). The serum/glucocorticoid-inducible kinase-1 (SGK1), a critical regulatory protein of ENaC, is activated by insulin through the PI3K signaling pathway ([@b15-mmr-19-03-1665],[@b16-mmr-19-03-1665]). Insulin is considered to dominate the anti-inflammatory function during ALI ([@b17-mmr-19-03-1665]); however, its effect on AFC remains unclear. Our previous study revealed that insulin upregulated α-ENaC, possibly via the activation of SGK1, in the lung ([@b18-mmr-19-03-1665]). However, whether the PI3K/SGK1 signaling pathway participated in the regulation of ENaC-mediated AFC in ALI has yet to be elucidated.

In the present study, the aim was to investigate the effect of insulin on ENaC expression and the involvement of the PI3K/SGK1 pathway in lipopolysaccharide (LPS)-induced lung injury.

Materials and methods
=====================

### Animals and materials

A total of 24 C3H/HeN mice (Charles River Laboratories, Inc., Wilmington, MA, USA) aged 7--9 weeks were housed under specific pathogen-free conditions in a temperature- and humidity-controlled environment (temperature: 22±1°C and humidity: 70±10%) with a 12-h light/dark cycle, and given free access to food and water. PI3K p85α small interfering RNA (siRNA) and a scramble non-targeting siRNA (serving as the control) were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). SGK1 siRNA was designed and synthesized by Shanghai Gene Pharma Co., Ltd. (Shanghai, China). All animal experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals, and approved by the Ethics Committee of the Second Affiliated Hospital of Chongqing Medical University (Chongqing, China).

### Animal model and intervention

Mice were anesthetized by intraperitoneal administration of sodium pentobarbital (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) at a dose of 50 mg/kg. The ALI model was established using LPS (*Escherichia coli* serotype O111:B4; Sigma-Aldrich; Merck KGaA) at a dose of 5 mg/kg in 50 µl sterile phosphate-buffered saline by a one-time intratracheal injection ([@b19-mmr-19-03-1665]). Human insulin (Eli Lilly & Co., Indianapolis, IN, USA) was administered at a dose of 0.1 U/kg/h at a rate of 2.5 mU/h/mouse via an internal jugular vein catheter attached to micro-osmotic pumps at 16 h prior to exposure to LPS. Mice were randomly divided into four groups: i) Control group (n=6); ii) LPS group (n=6); iii) LPS + insulin group (n=6); and, iv) LPS + insulin + SGK1 siRNA group (n=6). Mice in the control group received an equivalent volume of saline. Blood samples were collected from the catheter by centrifugation at 1,500 × g at 4°C for 15 min. Glucose levels in the plasma were recorded at different time points by a glucometer (Johnson & Johnson Medical Ltd., Shanghai, China). Mice were sacrificed by exsanguination from the carotid artery 24 h after LPS administration. Next, bronchoalveolar lavage fluid (BALF) and lung tissue were obtained for analysis.

### Primary cell isolation and culture

Alveolar epithelial type II cells were isolated from healthy untreated male C3H/HeN mice, as previously described ([@b20-mmr-19-03-1665]). The cells were cultured in Dulbecco\'s modified Eagle\'s medium containing 10% fetal bovine serum, 100 U/ml penicillin and 0.1 mg/ml streptomycin in an atmosphere with 5% CO~2~ and 95% air.

### siRNA transfection

Alveolar epithelial cells isolated from healthy untreated male C3H/HeN mice were transfected with PI3K siRNA or SGK1siRNA using Lipofectamine^®^ 2000 (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), according to the manufacturer\'s protocol. At 72 h after transfection, cells were incubated with or without 200 mU/l insulin for 2 h. They were divided into 4 groups: Control group, insulin group, insulin+PI3K siRNA group and insulin+SGK1 siRNA group. Then the alveolar epithelial cells were processed for western blotting. In the mice experiments, intratracheal delivery of siRNA was performed in the mice, as previously described ([@b21-mmr-19-03-1665]). Mice were anesthetized and their tongues were gently pulled out. Then 75 µg siRNA specific for SGK1 was pipetted in vehicle, 100 µl saline, directly into the throat, momentarily blocking the mouse\'s airway 2 h after LPS exposure in the mice treated with LPS + insulin. An equivalent dose of non-targeting siRNA served as the control in the other mice groups. Inspiration carried the siRNA and vehicle into the lung.

### BALF analysis

Normal saline (5 ml) was instilled into the right lung three times. The lavage fluid from the right lung was carefully pooled and centrifuged at 1,700 × g for 30 min at 4°C. The total cell count was then determined by a hemocytometer, and differential cell counts were assessed on cytocentrifuge preparations stained with Diff-Quik (Sigma-Aldrich; Merck KGaA). Total protein in the BALF was determined using a KeyGen assay kit (Nanjing KeyGen Biotech Co., Ltd., Nanjing, China).

### Bronchoalveolar epithelial permeability analysis

At 24 h after LPS-induced lung injury, mice were injected with fluorescein isothiocyanate-conjugated dextran 4000 (FD4; Sigma-Aldrich; Merck KGaA) solution in PBS (10 mg/kg) via the internal jugular vein. Normal saline (1 ml) was instilled into the lungs three times after 50 min. Subsequently, BALF was carefully collected, and serum was collected from the internal jugular vein blood by centrifugation at 1,500 × g for 5 min. The concentrations of FD4 in the BALF and serum were determined by a spectrofluorometer (BD Biosciences, Franklin Lakes, NJ, USA) using an excitation wavelength of 492 nm and an emission wavelength of 515 nm. Bronchoalveolar epithelial permeability was determined based on the BALF/serum fluorescence ratio.

### Hematoxylin and eosin staining

The unlavaged left lungs were harvested 24 h after LPS administration and fixed with 10% neutral buffered formalin for 24 h. The fixed tissues were embedded in paraffin and cut into 5-µm section. Next, the sections were mounted onto glass slides and then stained with hematoxylin for 10 min and eosin for 2 min. Then, 5 random areas were examined at a magnification of ×100 for each section. Lung injury was evaluated according to a new histologic lung injury scoring system ([@b22-mmr-19-03-1665]).

### Wet-to-dry ratio

The left lungs were isolated to determine the wet-to-dry ratio of the tissue. After the wet weight of the lungs was measured, the lungs were placed in an oven at 80°C for 48 h and then weighed again in order to obtain their dry weight. Pulmonary edema was determined based on the wet-to-dry ratio; a high ratio indicated more pulmonary edema while low ratio indicated less pulmonary edema compared with normal lungs.

### AFC analysis

AFC was measured as previously described ([@b23-mmr-19-03-1665]). Briefly, the isolated right lungs were placed in a humidified incubator at 37°C and ventilated with 100% nitrogen to remove oxygen from the alveolar spaces. Physiological saline solution (5 ml/kg) containing 5% albumin and 0.15 mg/ml Evans blue dye (Sigma-Aldrich; Merck KGaA) was injected into the alveolar spaces at an airway pressure of 7 cm H~2~O. Alveolar fluid was aspirated 1 h after instillation, and the concentrations of Evans blue-labeled albumin in the injected and aspirated solutions were measured using a spectrophotometer (BD Bioscience). AFC was calculated as follows:
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Vi and Vf represent the injected and final alveolar fluid volume, respectively. Pi and Pf represent the injected and final concentrations of Evans blue-labeled 5% albumin solution, respectively. Albumin solution containing amiloride (5×10^−4^ M; Sigma-Aldrich; Merck KGaA) was injected into the alveolar spaces.

### Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay

Detection of apoptotic cells in the lung epithelium was performed on paraffin-embedded 5-µm lung sections using an *in situ* cell death detection kit (Roche Diagnostics, Indianapolis, IN, USA) by TUNEL reaction. The extent of apoptosis was evaluated by counting the TUNEL-positive cells (brown-stained). TUNEL positive cells were counted in five randomly selected fields (magnification, ×400) for each section.

### Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was extracted from alveolar epithelial cells following the manufacturer\'s protocol (Takara Bio, Inc., Otsu, Japan). The concentration and purity of the RNA were estimated using a spectrophotometer. (DU730; Beckman Coulter, Inc., Brea, CA, USA). RT and PCR amplification were performed using an RT-PCR kit (Takara Bio, Inc.). The RT reaction was conducted at 65°C for 5 min, 42°C for 30 min, 95°C for 5 min and 4°C for 5 min. The PCR amplification reaction was conducted at 94°C for 60 sec, followed by 30 cycles at 94°C for 30 sec, then 53°C (α-ENaC), 53°C (β-ENaC), 55°C (γ-ENaC) or 55°C (β-actin) for 30 sec, and finally 72°C for 60 sec. The primer sequences used were: α-ENaC (509 bp), 5′-TACCCTTCCAAGTATACACAGC-3′ (forward) and 5′-CAGAAGGAGACTCCGAATTAGT-3′ (reverse); β-ENaC (406 bp), 5′-GCTAAAGAGCTAGCAGTAATGG-3′ (forward) and 5′-CTGGTGTTTGTTATGCCTAGAG-3′ (reverse); γ-ENaC (363 bp), 5′-GGATCCTGAGAGAGAATCATGC-3′ (forward) and 5′-GTGTCCAGCTATGCCCTTTAAC-3′ (reverse); β-actin (871 bp), 5′-GTACAACCTTCTTGCAGCTCCT-3′ (forward) and 5′-ACAGGATTCCATACCCAGGAAG-3′ (reverse). PCR products were electrophoresed on 1.0% agarose gels containing ethidium bromide, and images of the gels were captured using a gel imaging system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The expressions of α-, β- and γ-ENaC were quantified by normalizing the band intensity to β-actin using Quantity One software (version 4.4, Bio-Rad Laboratories, Inc.).

### Immunofluorescence assay

Lungs were fixed by immersion in 10% neutral-buffered formalin and embedded in paraffin. The slides with lung sections (5 µm) were soaked in xylene and rehydrated in 100, 95, 85 and 70% solutions of ethanol for 5 min. Following blocking with 10% fetal calf serum for 1 h at room temperature, the sections were incubated with rabbit polyclonal primary antibodies against α-, β- or γ-ENaC (1:200; sc-21012, sc-21013 and sc-21014 respectively; Santa Cruz Biotechnology, Inc.) overnight at 4°C. The tissues were then incubated with a goat anti-rabbit secondary antibody labeled with Alexa Fluor 594 (1:400; A-11012; Thermo Fisher Scientific, Inc.) at 37°C for 1 h. Subsequently, nuclei were stained with DAPI (1:2,000; Sigma-Aldrich; Merck KGaA). Images were captured by confocal laser scanning microscopy (Bio-Rad Laboratories, Inc.) and analyzed using Image-Pro Plus software, version 6.0 (Media Cybernetics, Inc., Rockville, MD, USA).

### Western blotting

Total proteins were obtained by incubation with 1 ml lysis buffer and 1 ml extraction buffer using the KeyGen protein extraction kit (Nanjing KeyGen Biotech Co., Ltd., Nanjing, China). The concentration of each protein sample was determined using a BCA protein assay kit (KeyGen Biotech Co., Ltd.). Proteins were then separated by 10% SDS-PAGE and transferred to polyvinylidene fluoride membranes. Following blocking with 5% nonfat dried milk in Tris-buffered saline containing 0.05% Tween 20 at room temperature for 1 h, the membranes were incubated with primary antibodies against α-ENaC (1:300; sc-21012), β-ENaC (1:300; sc-21013), γ-ENaC (1:300; sc-21014), PI3K p85α (1:1,000; sc-71892), SGK1 (1:500; sc-33774), phosphorylated-SGK1 (Ser422; 1:500; sc-16745) all from Santa Cruz Biotechnology, Inc. and β-actin (1:500, bsm-33036M, BIOSS, Beijing, China) overnight at 4°C, and then incubated with horseradish peroxidase-conjugated secondary antibody (1:5,000) at room temperature for 1.5 h. Using enhanced chemiluminescence (KeyGen Biotech Co., Ltd.), the protein bands were visualized by a UVP gel imaging system (Analytik Jena, Upland, CA, USA) and analyzed by Labworks software (version 4.6; Labworks LLC, Lehi, UT, USA).

### Statistical analysis

All data are presented as the mean ± standard error of the mean. Student\'s t-test and one-way analysis of variance were performed. SPSS version 12.0 software (SPSS, Inc., Chicago, IL, USA) was used for the statistical analysis. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### The effect of siRNA transfection in mouse lung tissues and primary alveolar epithelial cells

As observed in [Fig. 1A](#f1-mmr-19-03-1665){ref-type="fig"}, transfection with SGK1 siRNA resulted in evident downregulation of SGK1 expression in mouse lung tissues, as compared with the control and scramble siRNA groups. As shown in [Fig. 1B](#f1-mmr-19-03-1665){ref-type="fig"}, PI3K siRNA and SGK1 siRNA also significantly decreased PI3K and SGK1 protein expression levels in primary alveolar epithelial cells, respectively.

### Effect of exogenous insulin on plasma glucose levels

No significant differences were observed in the plasma glucose levels of normal mice treated with insulin for 0, 30, 60, 120 and 240 min ([Table I](#tI-mmr-19-03-1665){ref-type="table"}). In addition, no significant differences were observed in the plasma glucose levels of insulin- and saline-treated mice at 0, 1, 4 and 8 h in the LPS-induced lung injury group. The results indicated that insulin did not alter the glucose level during ALI ([Table II](#tII-mmr-19-03-1665){ref-type="table"}).

### Exogenous insulin protects the pulmonary epithelial barrier in LPS-induced lung injury

Insulin treatment significantly decreased the LPS-induced increase in total protein, total cell numbers and neutrophils in BALF ([Fig. 2A-C](#f2-mmr-19-03-1665){ref-type="fig"}). However, the delivery of SGK1 siRNA significantly blocked the effect of insulin in the LPS-induced lung injury group ([Fig. 2A-C](#f2-mmr-19-03-1665){ref-type="fig"}). The pulmonary epithelial barrier was injured in mice with LPS-induced lung injury, as indicated by the increase in the BALF/serum fluorescence ratio, which was a result of high bronchoalveolar epithelial permeability ([Fig. 2D](#f2-mmr-19-03-1665){ref-type="fig"}). The BALF/serum fluorescence ratio was significantly decreased by insulin, indicating a decreased bronchoalveolar epithelial permeability; thus, insulin exerted a protective effect on pulmonary epithelial barrier function in ALI. However, SGK1 siRNA clearly blocked the effect of insulin, as evidenced by the marked increase in the BALF/serum fluorescence ratio ([Fig. 2D](#f2-mmr-19-03-1665){ref-type="fig"}).

### Exogenous insulin attenuates LPS-induced lung injury

The pulmonary morphology of ALI mice demonstrated significant injury, with the presence of severe interstitial edema, thickened alveolar septa, inflammatory cell infiltration and formation of proteinaceous debris in the alveolar spaces, as compared with the control mice ([Fig. 3A and B](#f3-mmr-19-03-1665){ref-type="fig"}). Insulin treatment significantly attenuated the LPS-induced lung injury ([Fig. 3C](#f3-mmr-19-03-1665){ref-type="fig"}), while the lung injury was significantly aggravated with the co-administration of SGK1 siRNA ([Fig. 3D](#f3-mmr-19-03-1665){ref-type="fig"}). The lung injury score supported the observation that insulin ameliorated LPS-induced lung injury and that SGK1 siRNA blocked the effect of insulin in ALI mice ([Fig. 3E](#f3-mmr-19-03-1665){ref-type="fig"}).

### Exogenous insulin attenuates pulmonary edema and improves AFC in LPS-induced lung injury

Insulin induced a decrease in the wet-to-dry ratio and increase in AFC in mice with LPS-induced lung injury at 6, 12 and 24 h ([Fig. 4A and B](#f4-mmr-19-03-1665){ref-type="fig"}). In addition, exposure to amiloride, a sodium channel inhibitor, inhibited the insulin-induced AFC in mice with LPS-induced lung injury ([Fig. 4B](#f4-mmr-19-03-1665){ref-type="fig"}). It was also observed that SGK1 siRNA significantly blocked the insulin-induced decrease in the wet-to-dry ratio ([Fig. 4C](#f4-mmr-19-03-1665){ref-type="fig"}). Furthermore, insulin significantly increased AFC (by 93%) in the LPS-induced lung injury group; however, this effect was significantly inhibited by treatment with amiloride or SGK1 siRNA, which resulted in a 60 and 33% decrease in AFC, respectively, as compared with the LPS + insulin group ([Fig. 4D](#f4-mmr-19-03-1665){ref-type="fig"}).

### Effect of exogenous insulin on apoptosis in LPS-induced lung injury

The total number of apoptotic cells in the LPS-induced lung injury group was significantly higher as compared with that in the control group. Treatment with insulin reduced the number of apoptotic cells in the ALI group. However, SGK1 siRNA reversed the effect of insulin on the apoptosis of alveolar epithelial cells ([Fig. 5](#f5-mmr-19-03-1665){ref-type="fig"}).

### Exogenous insulin increases the expression of ENaC in vivo and in vitro

α-, β- and γ-ENaC expression was examined by immunofluorescence in the LPS-induced lung injury group ([Fig. 6](#f6-mmr-19-03-1665){ref-type="fig"}). In normal mice, α-, β- and γ-ENaC were localized in the alveolar epithelium. However, the distribution and expression of α-, β- and γ-ENaC were clearly reduced in the LPS-induced lung injury group. Immunostaining of α-, β- and γ-ENaC were significantly increased by insulin treatment, while the insulin-induced expression of α-, β- and γ-ENaC was clearly blocked by SGK1 siRNA ([Fig. 6](#f6-mmr-19-03-1665){ref-type="fig"}). Furthermore, in the primary alveolar epithelial cells, insulin significantly increased the mRNA and protein expression levels of α-, β- and γ-ENaC; however, this insulin-induced effect was inhibited in cells transfected with PI3K siRNA or SGK1 siRNA ([Fig. 7](#f7-mmr-19-03-1665){ref-type="fig"}). These results indicated that insulin improved AFC by upregulating ENaC expression via the PI3K/SGK1 pathway.

### Exogenous insulin activates the P13K/SGK1 pathway in vivo and in vitro

The level of phosphorylated SGK1 was markedly increased by insulin in the LPS-induced lung injury group; however, SGK1 siRNA reversed the insulin-induced increase in the level of phosphorylated SGK1 ([Fig. 8](#f8-mmr-19-03-1665){ref-type="fig"}). In primary alveolar epithelial cells, insulin significantly increased the level of phosphorylated SGK1; however, the effect of insulin was markedly inhibited by the transfection with PI3K siRNA or SGK1 siRNA ([Fig. 9](#f9-mmr-19-03-1665){ref-type="fig"}). These findings strongly indicated that insulin regulated the ENaC expression via the P13K/SGK1 pathway in LPS-induced lung injury.

Discussion
==========

The present study results demonstrated that insulin protected the lung epithelium and attenuated pulmonary edema by improving AFC through the upregulation of ENaC via the PI3K/SGK1 pathway in LPS-induced lung injury. A model of ALI without hyperglycemia was used to maintain the glucose levels within the normal range since hyperglycemia contributes to the inflammatory response, and lung injury is attenuated by insulin treatment in euglycemia ([@b24-mmr-19-03-1665]--[@b26-mmr-19-03-1665]). Previous results from clinical studies have confirmed that glucose control is very important in critically ill patients, leading to decreased mortality and morbidity ([@b27-mmr-19-03-1665],[@b28-mmr-19-03-1665]). In addition, the dose and rate of human insulin infused by micro-osmotic pumps in the present study had an anti-inflammatory effect rather than an effect on the modulation of glucose metabolism, since it was observed that insulin treatment did not affect the glucose levels in the LPS-induced lung injury group.

Toll-like receptor 4 (TLR4) is detected in a number of immune cells, including monocytes, macrophages, dendritic cells and several T cell populations, and is part of the receptor complex that binds LPS from the Gram-negative bacterial cell wall and endogenous ligands, including heat-shock proteins and other inflammatory mediators ([@b29-mmr-19-03-1665]). LPS-induced activation of TLR4 leads to the dimerization of TLR4 monomers and the generation of nucleus-seeking nuclear factor (NF)-κB transcription factors. Numerous pro-inflammatory cytokine and chemokine genes contain NF-κB response elements in their promoter regions, such as tumor necrosis factor-α and interleukin-6 ([@b30-mmr-19-03-1665]). LPS-stimulated cytokine release is achieved through the TLR4-mediated NF-κB signaling pathway ([@b31-mmr-19-03-1665]).

Different inflammatory mediators, such as cytokines, are released following LPS stimulation to recruit activated neutrophils into the injured lung, which is the main cause of pulmonary edema and the development of ALI ([@b32-mmr-19-03-1665],[@b33-mmr-19-03-1665]). Activated neutrophils migrate into alveolar spaces and pulmonary epithelium by CXC chemokines, which lead to alveolar capillary barrier leakage, and interstitial and alveolar edema by reactive oxygen species ([@b33-mmr-19-03-1665],[@b34-mmr-19-03-1665]). In the present study, LPS was administered to establish a well-characterized model of ALI, resulting in an increase in protein, total cell count and neutrophils in the BALF, as well as an elevation in bronchoalveolar epithelial permeability, which indicated alveolar capillary barrier damage. Increased alveolar capillary permeability results in edema fluid accumulation in the alveolar spaces. Treatment with insulin protected the alveolar capillary barrier that was damaged as a result of the LPS-induced lung injury; however, SGK1 siRNA reversed the protective effect of insulin. In addition, LPS-treated mice exhibited typical pathological alterations, such as interstitial edema, thickened alveolar septa, proteinaceous debris and inflammatory cell infiltration in the alveolar space. Insulin treatment alleviated these pathological changes, whereas this alleviation was inhibited by SGK1 siRNA. The results indicated that insulin attenuated pulmonary edema with the involvement of SGK1.

It is well recognized that AFC is an effective way to remove edema from the alveolar spaces ([@b35-mmr-19-03-1665]). In the present study, insulin improved AFC and decreased pulmonary edema in the LPS-induced lung injury group. However, SGK1 siRNA blocked the effect of insulin on AFC in the LPS-treated group, which indicated the essential involvement of SGK1. In addition, the use of amiloride, a sodium channel inhibitor, inhibited the insulin-stimulated AFC. This supported the result that ENaC may participate in AFC, which is consistent with the findings of previous studies ([@b24-mmr-19-03-1665],[@b36-mmr-19-03-1665]).

Lung epithelium injury was also reported to be a determinant for the development of protein-rich pulmonary edema in ARDS ([@b37-mmr-19-03-1665]). In particular, lung epithelial apoptosis is considered to be an important pathogenetic mechanism in ALI ([@b38-mmr-19-03-1665],[@b39-mmr-19-03-1665]). An acceleration of lung epithelial cell apoptosis may contribute to the destruction of the alveolar epithelial barrier, a promotion of protein-rich edema in the alveoli and altered fluid clearance from the alveolar space in ALI/ARDS ([@b1-mmr-19-03-1665],[@b40-mmr-19-03-1665]). In the present study, insulin exerted a protective effect on the lung epithelium by reducing the apoptosis of alveolar epithelial cells, indicating the alleviation of pulmonary edema and the important role of SGK1 in the protection against cell apoptosis, as described previously ([@b41-mmr-19-03-1665]).

We previously reported that ENaC served an important role in the regulation of sodium and water balance in AFC ([@b24-mmr-19-03-1665],[@b42-mmr-19-03-1665],[@b43-mmr-19-03-1665]). Therefore, the regulation of ENaC by insulin, possibly via the PI3K/SGK1 signaling pathway, was further investigated in the current study. SGK1, a serine/threonine protein kinase, was reported to be a key regulator of sodium transport by hormones, such as insulin, in mammalian epithelia ([@b44-mmr-19-03-1665]--[@b47-mmr-19-03-1665]). Furthermore, the activation of SGK1 was dependent on the phosphorylation of S422 in the hydrophobic motif at its COOH terminus by the PI3K-dependent pyruvate dehydrogenase kinase 2 pathway ([@b47-mmr-19-03-1665],[@b48-mmr-19-03-1665]). It has been recognized that a central function of activated SGK1 was to increase the expression of ENaC in the cell surface by inhibiting the ubiquitin ligase Nedd4-2 ([@b49-mmr-19-03-1665],[@b50-mmr-19-03-1665]). In the present study, the expression levels of α-, β- and γ-ENaC, and the level of phosphorylated SGK1 were increased by insulin treatment, whereas these were decreased by co-treatment with SGK1 siRNA in the LPS-induced lung injury group. *In vitro*, PI3K siRNA or SGK1 siRNA prevented the insulin-induced increase in the expression levels of α-, β- and γ-ENaC, and phosphorylated SGK1. The increased expression of ENaC by insulin-induced SGK1 was possibly dependent on the phosphorylation of Nedd4-2 in a PY motif-dependent manner ([@b50-mmr-19-03-1665],[@b51-mmr-19-03-1665]). Taken together, in the present study, the effect of insulin on AFC was further illustrated through the upregulation of α-, β- and γ-ENaC via the PI3K/SGK1 signaling pathway, which was a further investigation of our previous findings ([@b18-mmr-19-03-1665]).

In conclusion, the present results demonstrated that insulin protected the lung epithelium and attenuated pulmonary edema in mice with LPS-induced lung injury, without affecting the blood glucose levels, and this effect was achieved through the upregulation of ENaC via the PI3K/SGK1 pathway. While further research is required to fully understand the role of insulin in the complex mechanisms of ALI/ARDS, the present study provides novel evidence of the protective role of insulin in AFC associated with ALI.
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![The effect of siRNA transfection in mouse lung tissues and primary alveolar epithelial cells. (A) Western blotting of SGK1 expression in mouse lung tissues following transfection with scramble or SGK1 siRNAs. (B) Primary alveolar epithelial cells were transfected with scramble, PI3K or SGK1 siRNAs, and then subjected to western blotting. Data are presented as the mean ± standard error of the mean. ^Δ^P\<0.05 vs. Control; \*P\<0.05 vs. Scramble siRNA. PI3K, phosphatidylinositol 3-kinase; SGK1, serum/glucocorticoid-inducible kinase-1; siRNA, small interfering RNA.](MMR-19-03-1665-g00){#f1-mmr-19-03-1665}

![Effect of exogenous insulin on (A) total protein, (B) total cell count and (C) neutrophil count in the bronchoalveolar lavage fluid, and (D) effect on bronchoalveolar epithelial permeability at 24 h after LPS-induced lung injury in mice (n=6 per group). Data are presented as the mean ± standard error. ^Δ^P\<0.01 vs. control group; \*P\<0.01 vs. LPS group; ^\#^P\<0.01 vs. LPS + insulin group. LPS, lipopolysaccharide; SGK1, serum/glucocorticoid-inducible kinase-1; siRNA, small interfering RNA.](MMR-19-03-1665-g01){#f2-mmr-19-03-1665}

![Effect of exogenous insulin on the pulmonary morphology at 24 h after LPS-induced lung injury in mice. (A) Control group, indicating normal pulmonary morphology. (B) LPS group, demonstrating severe interstitial edema, thickened alveolar septa, inflammatory cells and red blood cell infiltration in the alveolar spaces with proteinaceous debris filling the airspaces. (C) LPS + insulin group, demonstrating evident alleviation of interstitial edema, inflammatory cells and red blood cell infiltration in the alveolar space, and of thickened alveolar septa. (D) LPS + insulin + SGK1 siRNA group, demonstrating interstitial edema, inflammatory cells and red blood cell infiltration in the alveolar space, and aggravation of proteinaceous debris. (E) Lung injury score, indicating that insulin significantly attenuated LPS-induced lung injury, while SGK1 siRNA significantly blocked the effect of insulin (n=6 per group). Original magnification, ×100. Data are presented as the mean ± standard error. ^Δ^P\<0.01 vs. control group; \*P\<0.01 vs. LPS group; ^\#^P\<0.01 vs. LPS + insulin group. LPS, lipopolysaccharide; SGK1, serum/glucocorticoid-inducible kinase-1; siRNA, small interfering RNA.](MMR-19-03-1665-g02){#f3-mmr-19-03-1665}

![Effect of exogenous insulin on pulmonary edema and alveolar fluid clearance in mice with LPS-induced lung injury (n=6 per group). (A) Wet-to-dry ratio and (B) alveolar fluid clearance at 0, 6, 12 and 24 h in the LPS-induced lung injury group. (C) Wet-to-dry ratio and (D) alveolar fluid clearance at 24 h in the LPS-induced lung injury group. Albumin solution containing amiloride (5×10^−4^ M) was injected into the alveolar spaces 6 h after LPS administration. Data are presented as the mean ± standard error of the mean. ^Δ^P\<0.05 vs. control group; ^Φ^P\<0.01 vs. amiloride group; \*P\<0.05 vs. LPS (+ saline) group; ^\#^P\<0.01 vs. LPS + insulin group. LPS, lipopolysaccharide; SGK1, serum/glucocorticoid-inducible kinase-1; siRNA, small interfering RNA.](MMR-19-03-1665-g03){#f4-mmr-19-03-1665}

![Effect of exogenous insulin on apoptosis in mice with LPS-induced lung injury (n=6 per group). The numbers of apoptotic alveolar epithelial cells (brown-stained) were counted in five randomly selected high-power fields for each section (magnification, ×400), and the mean value was calculated. Data are presented as the mean ± standard error. ^Δ^P\<0.01 vs. control group; \*P\<0.01 vs. LPS group; ^\#^P\<0.05 vs. LPS + insulin group. LPS, lipopolysaccharide; SGK1, serum/glucocorticoid-inducible kinase-1; siRNA, small interfering RNA.](MMR-19-03-1665-g04){#f5-mmr-19-03-1665}

![Effect of exogenous insulin on the location and expression of α-, β- and γ-ENaC in the lungs of mice at 24 h after LPS-induced lung injury was examined by laser scanning confocal microscopy, and the fluorescence intensities were determined (n=6 per group). Scale bar, 50 µM. Nuclear DNA was counterstained with DAPI (blue). Data are presented as the mean ± standard error. ^Δ^P\<0.05 vs. control group; \*P\<0.01 vs. LPS group; ^\#^P\<0.05 vs. LPS + insulin group. LPS, lipopolysaccharide; SGK1, serum/glucocorticoid-inducible kinase-1; siRNA, small interfering RNA.](MMR-19-03-1665-g05){#f6-mmr-19-03-1665}

![Effect of exogenous insulin on the expression levels of α-, β- and γ-ENaC in alveolar epithelial cells following transfection with control siRNA, PI3K siRNA or SGK1 siRNA, examined by (A) RT-PCR and (B) western blotting. At 72 h after transfection, primary alveolar epithelial cells were incubated with or without 200 mU/l insulin for 2 h, and then RT-PCR and western blotting were performed. The band intensity of α-, β- and γ-ENaC was quantified by normalizing it to β-actin. Data are presented as the mean ± standard error. ^Δ^P\<0.01 vs. control group; \*P\<0.01 vs. insulin group. ENaC, epithelial sodium channel; PI3K, phosphatidylinositol 3-kinase; SGK1, serum/glucocorticoid-inducible kinase-1; siRNA, small interfering RNA; RT-PCR, reverse transcription polymerase chain reaction.](MMR-19-03-1665-g06){#f7-mmr-19-03-1665}

![Effect of exogenous insulin on the expression of phosphorylated SGK1 in the lungs of mice at 24 h after LPS-induced lung injury (n=3 per group). The band intensity of phosphorylated SGK1 was quantified by normalizing it to total SGK1 and is expressed as the fold of the control. Data are presented as the mean ± standard error. \*P\<0.01 vs. LPS group; ^\#^P\<0.01 vs. LPS + insulin group. LPS, lipopolysaccharide; SGK1, serum/glucocorticoid-inducible kinase-1; siRNA, small interfering RNA.](MMR-19-03-1665-g07){#f8-mmr-19-03-1665}

![Effect of exogenous insulin on the expression of phosphorylated SGK1 in primary alveolar epithelial cells following transfection with control, PI3K or SGK1 siRNAs. At 72 h after transfection, primary alveolar epithelial cells were incubated with or without 200 mU/l insulin for 2 h, and then western blotting was performed. The band intensity of phosphorylated SGK1 was quantified by normalizing it to total SGK1 and is expressed as the fold of the control. Data are presented as the mean ± standard error. ^Δ^P\<0.05 vs. control group; \*P\<0.01 vs. insulin group. PI3K, phosphatidylinositol 3-kinase; SGK1, serum/glucocorticoid-inducible kinase-1; siRNA, small interfering RNA.](MMR-19-03-1665-g08){#f9-mmr-19-03-1665}

###### 

Effect of exogenous insulin (0.1 U/kg) on plasma glucose levels in normal mice.

  Time after insulin administration (min)   Plasma glucose (mmol/l)
  ----------------------------------------- -------------------------
  0                                         4.8±0.5
  30                                        4.9±0.4
  60                                        5.1±0.6
  120                                       5.1±0.5
  240                                       5.3±0.6

Data are presented as the mean ± standard error (n=5 per group).

###### 

Effect of exogenous insulin on plasma glucose levels in mice with LPS-induced lung injury.

      Plasma glucose level (mmol/l)   
  --- ------------------------------- ---------
  0   7.6±0.7                         7.1±0.8
  1   6.8±0.7                         6.5±0.5
  4   6.3±0.4                         6.2±0.3
  8   5.9±0.5                         5.7±0.6

Data are presented as the mean ± standard error (n=10 per group).
